INTRODUCTION
The part of the Piceance Creek basin described in this report covers an area of about 1,400 square miles in northwestern Colorado, almost entirely in Rio Blanco and Garfield Counties. The area is bounded by the Colorado River on the south ( fig. 30 ), the White River on the north, Douglas Creek and the East Fork of Salt Wash on the west, and Government and Sheep Creeks on the east. The oil shales are found in the lacustrine Green River formation of middle Eocene age, which attains a maximum thickness of about 3,500 feet. Underlying the Green River formation are variegated shales and lenticular sandstones of the Wasatch formation of Paleocene and early Eocene age. The Wasatch formation is about 5,500 feet thick in General Petroleum Corp. gas well 84-15-G, sec. 15, T. 2 S., R. 96 W., on the Piceance Creek dome in the east-central part of the basin. Underlying the Wasatch formation is the Mesaverde formation of Late Cretaceous age.
That part of the area which is underlain by the Green River formation is a high plateau rising about 4,400 feet above the valley of the Colorado River near Rifle and attaining an altitude of 9,400 feet. The whitish and light-blue cliffs of the resistant oil shale are in sharp contrast to the low-relief badlands topography of the Wasatch formation bordering the plateau.
The Piceance Creek basin is a structural basin which coincides approximately with the original basin of deposition of the Late Cretaceous and early Tertiary sediments. Steep westerly dips on the eastern margin reflect the sharp monoclinal flexure of the Grand Hogback, whereas the gently east-dipping Green River strata on the western margin form the eastern flank of the Douglas Creek anticline. Thinning of formations toward the margins indicates that it was formerly a basin of deposition. The Wasatch formation, which attains its maximum known thickness of 5,500 feet on the Piceance Creek dome in T. 2 S., R. 96 W., thins to 375 feet about 25 miles to the northwest. Westward thinning also occurs in the underlying Mesaverde and Mancos formations.
The Green River formation, as described by Bradley (1931) , consists of four members which are, in ascending order, Douglas Creek, Garden Gulch, Parachute Creek, and Evacuation Creek. The richer shales which may ultimately be of economic interest are mostly confined to the Parachute Creek member, which in turn is divided into the upper and lower oil-shale zones. These rich oil-shale zones are extremely resistant to weathering and form sheer cliffs or steep slopes. They are separated by a thin sequence of lean oil shale that weathers to a gentle slope or recess. In the lower part of the upper oil-shale zone is the Mahogany ledge, a unit that contains the principal oil-shale beds in the sequence. Everywhere that the ledge crops out it forms a sheer cliff delimited above and below by lean shales that form slopes. The subsurface counterpart of the Mahogany ledge is referred to in this report as the Mahogany zone. The ledge, or zone, is about 110 feet thick at the axis of the basin and thins toward the margins. Undoubtedly the first segment of the oil-shale sequence to be worked commercially will include part or all of the Mahogany zone. The U. S. Bureau of Mines experimented in mining a 78-foot section of shale in the Mahogany zone at their mine just west of Rifle.
The richest oil-shale bed within the Mahogany ledge, or zone, is called the Mahogany bed, which is used as a stratigraphic reference bed.
Interest in development of oil shale in northwestern Colorado began about 1916, and activity has continued, with varying degrees of inten-sity, until the present. Private companies, the U. S. Bureau of Mines, and the U. S. Geological Survey have assayed core from 43 core holes and 32 surface sections, and the Bureau of Mines has assayed rotary cuttings from 13 wells of the General Petroleum Corp. This information, together with 16 incompletely sampled surface sections made by Dean E. Winchester, of the Geological Survey, between 1916 and 1921 (Winchester, 1917 , 1923 , and the estimated oil content of 36 surface sections measured by field parties of the Survey since 1945, were used in the calculation of the oil-shale resources.
Descriptions of the geology and oil-shale resources of several areas within the Piceance Creek basin have been published recently (Duncan and Denson, 1950; Duncan and B°lser, 1950; Waldron, Donnell, and Wright, 1951; Donnell, Cashion, and Brown, 1953 To compute the tonnage and oil content of the oil ?hale, the oil-shale sequence was divided into several units on the basis of average Oil yield, and reserves were computed separately for shale yielding respectively 15, 25, 30, and 45 gallons per ton. A minimum thickness of 5 feet was used for shale averaging 45 gallons per ton; a minimum thickness of 15 feet was used for the other grades.
The minimum thicknesses and grades of oil shale used in this report in part correspond approximately to the minimum thicknesses anrf grades of oil shale exploited on a SUStflillfid basis 111 Other parts Of the World. In Estonia, for example, oil shales (Kukersite) in beds ranging: from about 5 to 8 feet in thickness and yielding from 45 to 55 gaiio of oil per ton have been mined and processed for oil since about 1921 CLutz, 1938; Guthrie and Klosky, 1951) . Oil shales yielding as little fifS'lt? gallons of oil per ton have been mined on large scale and processed in other places, such as in Sweden (Cadman, 1948 j Guthrie and Klosky, 1951) .
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There has thus far been no large-scale commercial development of oil shale in this country; therefore it is not possible to predict with assurance what average grade will eventually prove most suitable, or what the minimum minable thickness, will be. Results of research in processing oil shale by the U. S. Bureau of Mines at a pilot plant near Rifle indicate an optimum grade ranging between 25 and 33 gallons of oil per ton, and the underground mining methods developed by the Bureau require a minimum thickness of 25 feet of shale equal to the minimum operating room required by the equipment used. Continued advancements in the technology of mining and processing oil shale may alter these limits, consequently a wider range in grade and thickness was used in this report. Moreover, no attempt is made to predict what proportion of the oil will be lost in mining and processing of the oil shale, and no allowance is made for such losses in the estimates of tonnage and oil content of the shale.
METHODS USED IN COMPUTING ESTIMATES OF TONNAGE AND OIL CONTENT OF OIL SHALE
For each locality where there was information on the oil content of the shale sequence, the data were studied to determine the maximum thicknesses of shale in continuous sequence that have an average assay value of 15, 25, 30, and 45 gallons per ton, respectively. Thickness data so obtained were then used to construct a series of thickness maps (pi. 14, A-D) from which the average thickness of each grade of oil shale was estimated for each township. The volume of oil shale of given grade in each township was then computed and converted to tonnage by using the estimated specific gravity of the shale.
The basic information on oil content generally consists of individual assays of a series of samples taken in vertical sequence; the samples may vary considerably both in thickness of strata represented and in oil content. Specific gravity determinations are not made in routine assays, but it has been established that lean oil shale is denser than rich oil shale (Belser, 1951, p. 5) . In combining the assay data on a series of individual samples to determine the average assay value of the total thickness, the values of the individual samples were weighted according to the thickness of strata represented but were not weighted according to specific gravity. Where assays of samples of varying richness are combined, failure to weight the sample data according to specific gravity results in a slightly higher-than-actual average assay value. However, this source of error is generally small, particularly where the range in assay value is not large, which is generally true in practice. As other uncontrolled or unappraisable factors involved in the reserve estimates represent greater theoretical sources of error, and as actual specific gravity determinations on the individual samples were not made, weighting of the sample data according to estimated density was considered unwarranted for this inventory. Although various assay methods were used to determine the oil.content of the shale, most of the samples were analyzed by the modified Fischer assay method, as described by Stanfield, Frost, McAuley, and Smith (1951) , who indicate that the yields and characteristics of the products by this method may not be comparable to those obtained under different retorting conditions or derived from commercial size units. The relative oil yields and data on products obtained from some larger experimental retorts are described by Guthrie (1955) .
Estimates of tonnage and oil content of the oil shale have been broken down into two categories, indicated and inferred, that are intended to show the relative reliability of the estimates. Tonnage and oil content in the indicated category are considered more accurate than the inferred category. In most places, areas that have analyses of cores spaced less than 6 miles apart contain indicated potential reserves. A few areas where these cores are spaced more than 6 miles apart but where the general increase or decrease in organic content is indicated to be uniform by many nearby cores are also regarded as areas of indicated potential reserves. Reserves within approximately 2 miles of an isolated analyzed set of samples are regarded as Surface sections are exposed to weathering and in the weathering process may lose as much as 50 percent of their oil content (Winchester, 1917, p. 162-163, pi. 14) . Also, lean oil shale breaks much more easily than rich oil shale, and, unless great care is taken to cut a uniform channel through the sequence, a representative sample will not be obtained. Hence, data obtained through surface sampling ftre not generally used in this report to delineate areas of indicated reserves. In places, however, where the oil shale showed little effect or weathering ana a representative sample was obtained, the analytical data were used in the computation of indicated reserves.
An experienced investigator can estimate with moderate accuracy the oil content of oil shales from their physical characteristics. Esti-mates tend to be conservative, and they have not been used in the -\ calculation of indicated reserves; however, they were used in estimating the oil content of areas containing inferred reserves.
SUMMARY OF POTENTIAL RESERVES
The following estimates of tonnage and oil content of the oil-shale deposits include the total amounts of oil shale in place and total potential oil yield, assuming that all the oil could be extracted from the deposit. Recoverable oil from the deposits will doubtlessly be much less than the total potential yield of the deposits because of losses in mining and processing and other unappraised cutoff limits of grade, depth, or distance from outcrop of a selected shale unit that may be exploited in the future. No attempt is made in this report s.
to estimate the amount of oil recoverable from the deposits. Estimated tonnage and oil content of shale in that part of the Mahogany zone that contains an average of 45 gallons of oil per ton in a continuous sequence 5 feet or more thick are shown in table 1. Distribution and thickness of the part of the unit for which estimates were made are shown on plate 14, A. Approximately 261 square miles of the area are underlain by indicated reserves of about 6,360 million tons of such shale with an oil content of about 6,800 million barrels. In addition, about 27 square miles of the area contain inferred reserves of 655 million tons of oil shale with an oil content of about 700 million barrels.
Estimates of tonnage and oil content of the 45-gallon shale are made only for the southern half of the area (pi. 14, A), where numerous analyses of both cores and surface samples indicate fairly "> well the thickness of oil shale averaging 45 gallons of oil per ton. Except for 3 core holes in the southern part of T. 3 S., R. 99 W., and 2 in T. 1 S., R. 100 W., there are no oil-shale samples north of the northern boundary of T. 4 S., that supply a basis for estimating the thickness of shale that yields an average of 45 gallons of oil per ton. Analysis of cuttings from one well hi the Piceance Creek gasfield suggests the presence of 45-gallon shale: General Petroleum Corp. well 5-31-G, sec. 31, T. 1 S., R. 96 W., yielded one 10-foot sample in the Mahogany zone that assayed 43.9 gallons of oil per ton. The thickest known sequence of 45-gallon shale (31 feet) in the area was obtained from the U. S. Bureau of Mines core hole E, sec. 2, T. 5 S., R. 95 W. * Estimates of tonnage and oil content of that part of the Mahogany zone and adjacent beds that yields an average of 30 gallons of oil per ton in a continuous sequence 15 feet or more thick are shown in table 2; the thickness and distribution of the unit are shown on plate 14, B. The unit includes the 45-gallon oil shale shown in table 1. An area of approximately 447 square miles contains indicated reserves of about 52,000 million tons of shale with a potential yield of about 37,000 million barrels of oil. In addition, approximately 683 square miles contain inferred reserves of about 76,000 million tons of shale with a potential yield of about 54,000 million barrels of oil.
General Petroleum Corp. weU 22-3-G, in sec. 3, T. 2 S., R. 96 W., contains 130 feet of shale in a continuous sequence that will yield an average of 30 gallons of oil per ton.
Other oil-shale zones yielding 30 gallons of oil per ton, not shown on the thickness maps, occur below the Mahogany zone. They range from 340 to 1,520 feet below the top of the Mahogany bed and are known only in the northeastern part of the basin in the vicinity of the Piceance Creek gasfield, where limited information is available from analyses of well cuttings. These zones combined cover an estimated area of 91 square miles and contain inferred reserves of about 9,500 million tons of shale with a potential yield of about 6,800 million barrels of oil. The maximum known thickness of 30-gallon shale is 180 feet; it is in a zone 830 feet below the Mahogany zone in General Petroleum Corp. well 5-31-G, located in sec. 31, T. 1 S., R. 96 W.
Total indicated and inferred reserves of about 137,500 million tons of 30-gallon-per-ton shale with a minimum thickness of 15 feet are present in the area. These reserves have a potential oil yield of 97,800 million barrels.
Estimated tonnage and oil content of that part of the Mahogany zone and adjacent beds that yield an average of 25 gallons of oil per ton in a continuous sequence 15 feet or more thick are shown in table 3; the distribution and thickness of the unit are shown on plate 14, C. The unit includes the 30-gallon shale shown in table 2. Indicated reserves of about 93,000 million tons of shale that contain about 55,000 million barrels of oil underlie an area of 452 square miles. Inferred reserves totaling about 167,000 million tons of shale that contain about 100,000 million barrels of oil underlie an additional 751 square miles. The thickest sequence of 25-gallon shale in the unit is found in General Petroleum Corp. well 5-31-G, in sec. 31, T. 1 S., R. 96 W., where it attains a thickness of 220 feet.
There are several zones that are not shown on the thickness maps, in the oil-shale sequence below the Mahogany zone, that contain an average of 25 gallons of oil per ton hi a continuous sequence 15 feet or more thick. These zones are known only from assays of rotary cuttings in the vicinity of the Piceance Creek dome. As far as is known, they underlie about 180 square miles and contain inferred reserves of about 65,000 million tons of oil shale with an oil content of about 39,000 million of barrels. The thickest known sequence of 25-gallon shale is in General Petroleum Corp. well 5-31-G, in sec. 31, T. 1 S., R. 96 W., where it is 780 feet thick and lies 500 feet below the Mahogany bed. Indicated and inferred reserves of 25-gallon-per-ton shale total about 325,000 million tons with an oil content of 194,000 million barrels.
Estimates of tonnage and oil content of that part of the Green River formation that yields an average of 15 gallons of oil per ton in a continuous sequence 15 feet or more thick are shown in table 4. The distribution and thickness of 15-gallon shale are shown on plate 14, D. This unit includes the oil shales of all units previously discussed, Approximately 506 square miles of the area contain indicated reserves of about 818,000 million tons of oil shale with an oil content of 292,000 million barrels. An additional area of approximately 874 square miles contains inferred reserves of about 1,868,000 million tons of oil shale with an oil content of 667,000 million barrels. Analyzed rotary samples from General Petroleum Corp. well 5-31-G, sec. 31, T. 1 S., R.
